This study investigated how hydrogeological setting influences aquifer-peatland connections in slope and basin peatlands. Steady-state groundwater flow was simulated using Modflow on 2D transects for an esker slope peatland and for a basin peatland in southern Quebec (Canada). Simulations investigated how hydraulic heads and groundwater flow exported toward runoff from the peatland can be influenced by recharge, hydraulic properties, and heterogeneity. The slope peatland model was strongly dominated by horizontal flow from the esker. This suggests that slope peatlands are dependent on the hydrogeological conditions of the adjacent aquifer reservoir, but are resilient to hydrological changes. The basin peatland produced groundwater outflow to the surface aquifer. Lateral and vertical peat heterogeneity due to peat decomposition or compaction were identified as having a significant influence on fluxes. These results suggest that basin peatlands are more dependent on recharge conditions, and could be more susceptible to land use and climate changes.
Introduction
Peatlands are wetlands formed through the accumulation of partially decayed organic matter. They can be fed by groundwater, surface water, precipitation, or by a combination of these. They are often categorized by their main water source as fens (groundwatersourced) or bogs (precipitation-sourced) (Mitsch and Gosselink 2007) . Despite this classification scheme, Sphagnum-dominated peatlands (poor fen to bog) can receive groundwater both laterally and vertically (Drexler et al. 1999 , Fraser et al. 2001 . The groundwater inflow volumes can be significant for the peatland water budget and for the entire ecosystem (Glaser et al. 1997) . Landscape position and local hydrogeological setting influence whether and how a given peatland is connected to a hydrological system (Mitsch and Gosselink 2007 , Gilvear and Bradley 2009 , Acreman and Holden 2013 .
There has been a great deal of recent research on peatland development and hydrology. For example, a number of studies have examined the role of geomorphological and hydrogeological setting on peatland development (e.g. Glaser et al. 2004 , Loisel et al. 2013 ), on peatland runoff generation (Richardson et al. 2012) , and on hydraulic gradients within a peatland (Reeve et al. 2009 ). Others have focused on simulating flow patterns within peatlands using 2D or 3D groundwater models developed in Modflow (Reeve et al. 2000 , Fraser et al. 2001 , Reeve et al. 2006 , or using unsaturated-saturated flow models (e.g. Camporese et al. (2006) using the CATHY model). Field-based studies also report flow connections between peatlands and the surrounding mineral deposits (e.g. Devito et al. 1997 , Ferone and Devito 2004 , Ferlatte et al. 2015 , as well as the specific hydrological functions of the peripheral portion of a bog peatland (lagg) (e.g. Howie and van Meerveld 2013) . However, relatively few studies have focused on understanding how the vertical heterogeneity of peat deposits (demonstrated for example by Holden and Burt (2003) and by Rosa and Larocque (2008) ) or the hydrogeological setting, including aquifer properties and stratigraphy, influence aquifer-peatland flow connections. This lack of knowledge weakens the capacity to adequately protect peatlands against external anthropogenic pressures.
This study follows those of Larocque et al. (2016) , Ferlatte et al. (2015) , and Munger et al. (2014) , in which the stratigraphy, hydraulic properties, vegetation, chemistry, and hydrogeology of 12 peatlands (six slope and six basin) in two regions of southern Quebec (Abitibi and Centre-du-Quebec) were characterized. These previous studies showed that connections between peatlands and aquifers differed greatly as a function of the hydrogeological setting of the sites. However, for these sites, as well as for other peatlands for which hydrology has been studied and reported in the scientific literature, it is not clear what the geological and hydrological conditions that drive aquiferpeatland connections are. The objective of this study was therefore to elucidate this through the comparison of two peatlands located in contrasting hydrogeological settings, i.e. slope and basin peatlands, assessing how the differing settings influence lateral aquifer-peatland connections.
The flow exchanges between peatlands and a surface aquifer, the peatland water budget, and the potential for runoff generation were assessed using two-dimensional (2D) steady-state groundwater flow models developed in Modflow (Harbaugh 2005) for one slope and one basin Sphagnum-dominated peatland located in southern Quebec (Canada), in the Abitibi and Centre-du-Quebec regions, respectively; these were selected as representative of typical conditions of each setting. Ferlatte et al. (2015) have observed that the selected slope peatland is fed by the adjacent esker, and that the selected basin peatland feeds the superficial aquifer. With this a priori knowledge, and using the peatland models as benchmarks for comparison purposes, scenarios were developed to study the influence of hydrogeological conditions (recharge, hydraulic conductivity, and material thickness) on aquifer-peatland connections.
Study sites

Abitibi region
The Abitibi region is located 600 km northwest of Montreal, in the province of Quebec, Canada (Fig. 1) . It is characterized by a relatively low topography and glacial landforms, such as moraines and eskers. Approximately 19% of the region comprises wetlands, most of which are slope peatlands that have developed on esker or moraine slopes (Ducks Unlimited Canada 2009). In addition to the till and glacio-fluvial deposits (eskers and moraines) successively deposited in the region, the plain is covered by a layer of glacio-lacustrine clay resulting from the proglacial Lake BarlowOjibway (Nadeau 2011) . Clay thickness varies between 1 and 20 m (Cloutier et al. 2013) .
The site chosen to represent this region is the SaintMathieu-Berry peatland (SMB; 78  o 11ʹW, 48   o   28ʹN ). Ferlatte et al. (2015) studied six slope peatlands in Abitibi. The head patterns observed at SMB were representative of the other slope peatlands of the region. Its hydrogeological context has already been well described (Riverin 2006 , Cloutier et al. 2013 , Figure 1 . Locations of the Saint-Mathieu-Berry (SMB) and Villeroy study sites. and the available data are sufficiently complete to build a conceptual model of the site.
The SMB site is located on the slope of the SaintMathieu-Berry esker, which is 120 km long (Riverin 2006) . The esker reaches an elevation of 350 m at the boundary of SMB, and the thickness of the granular esker material (sand and gravel) in the vicinity of the peatland is approximately 55 m (Cloutier et al. 2013) . The esker flank is topped with a 7-m-thick clay layer on the eastern half of the profile (Riverin 2006 ). The peatland is in pristine condition. It is located at the base of the esker slope, and slopes gently (approximately 0.5%). At its border, SMB is connected to the surface aquifer from which it receives lateral inflow (Ferlatte et al. 2015) . Approximately 100 m closer to the centre of the peatland, it lies directly on clay.
The SMB site is characterized by low-shrub heath communities dominated by Chamaedaphne calyculata, Kalmia angustifolia, K. polifolia, and Rhododendron groenlandicum, with a flat, continuous ground cover of Sphagnum mosses (mainly S. angustifolium and S. magellanicum). The herb layer is dominated by Maianthmum trifolium and Carex oligosperma. A sparse cover of Picea mariana is also present, mainly at the margins of the site where the peat deposit is thin (lagg). The vegetation follows a fen-bog gradient from the peatland margin to its centre. In 2011, the mean surface water pH along the profile was 4.3 ± 0.6 (S. Pellerin, unpubl. data).
Centre-du-Quebec region
The Centre-du-Quebec region is located in the southeastern part of the province of Quebec (Fig. 1) . The Villeroy peatland (71 o 50ʹW, 46 o 24ʹN) chosen for this study is located in the St Lawrence Lowlands geological region, which is characterized by relatively flat topography. Ice retreat occurred around 12 000 BP in this region, and allowed the marine incursion of the Champlain Sea (Lamarche 2011) . There is no clay at the Villeroy peatland, where the marine sands lie directly on a 1-2-m-thick till layer. Peatlands occupy approximately 6% of the area (Avard 2013) . Between 10 000 and 8000 BP, high aeolian activity led to the formation of parabolic dunes in the region (Filion 1987) , between which the Villeroy peatland developed in a depression to form a basin peatland surrounded by local sand dunes. The site is characterized by water flow from the peatland to the surface aquifer, as is also the case for similar basin peatlands studied in the region (Ferlatte et al. 2015) . Fine-to medium-grained sand layers above the till reach 10-m thickness in the dunes, but can be as thin as 1 m below the peatland.
Similar to the SMB site, the hydrogeological data available for the Villeroy site (Larocque et al. 2013a) are sufficient to build a conceptual model of this peatland.
The Villeroy peatland is relatively pristine, with the exception of some artificial drainage in some locations on its periphery. The vegetation of the peatland is similar to that of SMB, and is characterized by shrub heath communities dominated by Chamaedaphne calyculata, Kalmia angustifolia, and Rhododendron groenlandicum, with a Sphagnum mosses blanket (mainly S. angustifolium, S. rubellum, S. magellanicum, S. capillifolium, and S. fuscum) of well-developed hummocks and hollows. The herb layer is dominated by Eriophorum vaginatum subsp. spissum. The margins of the site are dominated by mature Picea mariana, Larix laricina, and Acer rubrum trees, and by deciduous shrubs, such as Alnus incana subsp. rugosa and Ilex mucronata. As in SMB, the vegetation follows a fen-bog gradient from the peatland margin to its centre. In 2011, the mean surface water pH along the transect was 4.2 ± 0.5 (S. Pellerin, unpubl. data).
Climate and recharge characteristics
Long-term average air temperatures are 1 and 5°C in the Abitibi and Centre-du-Quebec regions, respectively (Environment Canada 2014). The long-term average annual precipitation is lower in Abitibi (918 mm) than in Centre-du-Quebec (1193 mm). The proportion of snow precipitation (between November and April) is similar for the two regions; 27% for Abitibi and 24% for Centre-du-Quebec. At the two sites, recharge was estimated using a spatially discretized water budget approach. For SMB, recharge of the esker aquifer is estimated to be 350-400 mm year −1 (Cloutier et al. 2013 ), while at Villeroy, recharge of the surface aquifer was estimated to be 240 mm year −1 (Larocque et al. 2013b ).
Methods
Available data
Between May and November 2011, hydraulic heads were measured monthly in the SMB and Villeroy peatlands (cf. Ferlatte et al. 2015) . At both sites, a transect that connects the hillslope with the ombrotrophic section of the peatland, and thus crosses the lagg or the wet minerotrophic zone, was chosen (Fig. 2) . In each transect, a piezometer was installed in the surface aquifer, within 10 m of the peatland margin (station no. 1), and four to five piezometer nests (stations no. 2-6) were installed in the peatland. Whereas only one piezometer was installed in the surface aquifer, nests of two piezometers were installed in the peatland whenever possible. The nests comprised a surface piezometer, at a maximum depth of 1.1 m in the peat, and a deep piezometer located at 40 cm below the mineralpeat interface (slotted section in the underlying mineral deposit). No mineral piezometers were installed at stations where peat lies directly on clay in the SMB transect (stations no. 3-5). Site topography was available from Riverin (2006) for SMB and Larocque et al. (2013a) for Villeroy. Additional topographical data were acquired using a differential GPS and LiDAR data by Ferlatte et al. (2015) . All the hydraulic heads were referenced to a fixed datum on each transect. At SMB, groundwater flows from the esker to the peatland, and within the peat deposits toward the peatland outlet and perpendicular to the peatland limit. Head measurements confirm groundwater inflow to the peatland, and no water table mound was observed within the peatland at this site ( Fig. 4d in Ferlatte et al. 2015) . At the Villeroy peatland, a water table mound was observed further inside the peatland, where the thickest peat is located (Larocque et al. 2013a) . The water table within the adjacent sand dune is lower than that in the peatland, and groundwater flows out of the peatland (Fig. 4k in Ferlatte et al. 2015) , perpendicular to the peatland limit. The absence of a groundwater mound in the sand dune is explained by the limited width of this landform and by its highly permeable sand. At SMB, vertical groundwater inflow was observed close to the peatland border, and no vertical groundwater inflow or outflow was observed elsewhere due to the presence of clay below the peatland. Vertical groundwater flow from the peat to the underlying mineral deposits was observed all along the transect at the Villeroy peatland, except for temporarily at station no. 2. Water levels showed small variation and only limited flow reversals during the May-November 2011 monitoring period, implying almost steady-state flow conditions. For the two peatlands, the groundwater inflows to the peatland (lateral or vertical) were confirmed by vegetation and geochemical indicators (Larocque et al. 2016) .
Site geology was available from existing maps and models (Riverin 2006 , Cloutier et al. 2013 , Larocque et al. 2013b , and was validated by Ferlatte et al. (2015) with on-site identification at each piezometric station. Maximum peat thickness was 2 m on the SMB transect and 5 m on the Villeroy transect. Saturated hydraulic conductivity (K) of inorganic material was available from field work. For SMB, Riverin (2006) and Cloutier et al. (2013) (Letts et al. 2000) . In this work, it was assumed that acrotelm hydraulic conductivities should be slightly greater than those of the catotelm.
Groundwater flow model
Although field measurements were performed on 500-600-m-long transects, the conceptual model transects were approximately 2000 m for both sites. This length ensures that the profiles include a buffer zone around the measured piezometers, in order to minimize boundary effects. The 2D vertical transect groundwater flow models were developed in Modflow (Harbaugh 2005) , and run in steady state. The 2D models are simplified representations of the real studied aquiferpeatland interactions, but are considered to be acceptable, given that the flow directions are perpendicular to the peatland boundaries in the two transects. Considering the quasi-constant heads measured by Ferlatte et al. (2015) , steady-state modelling is sufficient to assess the hydrogeological conditions that drive groundwater flow through the peatland boundary. Although this does not exclude flow reversals outside the May to November period during which heads were monitored, it justifies the assumption of summer steady-state flow conditions. The lack of unsaturated peat parameters or water content data with which to represent the flow dynamics above the peat water table also restricted the current work to use of a model in which only the saturated porous medium is represented. Using Modflow thus appeared to be the best option for building the two benchmark models to investigate model sensitivity to hydrogeological conditions. At both sites, the transects were discretized with 3.4-m-wide cells. For the two models, the top cells follow the known topography. The 2D models are set perpendicular to the hillslopes. At SMB, the esker slope is a dominant topographical feature. The modelled transect therefore adequately represents the flow paths running through the esker and the peatland. The piezometric map of Villeroy confirms that the chosen transect is not affected by other groundwater flow paths (Larocque et al. 2013a) , and it is assumed that there is negligible flow perpendicular to the cross sections. In both cases, a 3D representation of the system is thus not considered to be necessary at the transect locations. Since the simulations are performed in steady state, the results reflect average flow conditions.
The SMB model starts from the esker crest (watershed divide, left boundary) and ends in the ombrotrophic peatland (right boundary; Fig. 2(a) ). Vertically, each column was divided into 50 layers, where the bottom 46 layers are of equal thickness and the top four layers have half the thickness to provide flexibility to test the vertical heterogeneity of hydraulic properties within the peatland. The top layer represents acrotelm peat, while the following layers represent catotelm peat (maximum of four acrotelm layers where the peat deposit is thickest). Along the profile, the upper layer cells vary between 0.35 and 0.41 m thickness, while cells in deeper layers vary between 0.7 m at the right boundary (where the profile thickness equals 33.3 m) and 1.3 m under the top of the esker (where the profile thickness equals 62.8 m). This vertical distribution provides an adequate representation of all materials, including the thin layer of littoral sand.
The Villeroy model starts on a sand dune (watershed divide, left boundary) and, similar to SMB, ends in the ombrotrophic peatland (right boundary; Fig. 2(b) ). It includes a small internal sand dune, to the left of which shallow organic deposits are found (approximately 0.50 m thickness; Larocque et al. 2013a). The instrumented Villeroy peatland is located to the right of this sand dune. Each column of the Villeroy model is divided into 34 layers of equal thickness. The cell thickness varies between 0.4 m at the right boundary (where the profile thickness equals 13.4 m) and 0.5 m at the internal sand dune (where the profile thickness equals 18.4 m). This cell size was chosen to represent the thin layer of aeolian sand underlying the peat. The top layer represents acrotelm peat, and the catotelm can reach nine layers where the peat is thickest.
Constant heads were set at the outflow limit of the two transects (right boundary). This choice is justified by the stability of measured heads during the 2011 monitoring period. At SMB, constant heads represent the peatland outlet, while at the Villeroy site they represent the water table mound observed further inside the peatland. The large distance between this boundary and the aquifer-peatland interface is considered sufficient for the boundary condition to have limited influence on the results. The bottom and hillslope boundaries are set as no-flow limits (see Fig. 2 ). Features called "drains" were added at the top of the upper peatland cells (in the acrotelm) to export excess water out of the transect. These drains are considered to be analogous to water flowing toward surface outlets that are not represented in the 2D transects. For this reason, they are considered to be a surrogate for subsurface flow perpendicular to the peatland transect that becomes surface flow (or runoff). Drains are also used on the top of a limited number of mineral cells located immediately to the left of the peatland, to represent the springs that are frequently observed at the break of the esker slope in the region (Veillette et al. 2007) .
Average hydraulic heads measured at each piezometer from May to November 2011 by Ferlatte et al. (2015) were used to calibrate the models. It is acknowledged that using heads as the only calibration target (compared to also using fluxes and geochemical variables) increases the non-uniqueness of the manual calibration process. However, this approach is considered sufficient here, since the peatland models are used as benchmarks to understand the influence of hydrogeological settings.
Hydraulic conductivities and recharge values were calibrated manually to reproduce measured hydraulic heads. Intervals for recharge values on the inorganic deposits were estimated using a water budget approach (Cloutier et al. 2013 , Larocque et al. 2013b , i.e. recharge is calculated as a moisture surplus and evapotranspiration is not directly included in the models. Intervals for possible peatland recharge are not available from the literature, but values were calibrated to be lower than aquifer recharge due to the limited storage capacity of the unsaturated zone (shallow water table depth at the two sites, see Ferlatte et al. 2015) . Recharge was set on the highest active cell. Since no information on the vertical anisotropy ratio (i.e. K v / K h ) was available at the study sites, a single value of 0.33 was used for all materials (vertical anisotropy was not calibrated). This value was a compromise between the commonly used 0.1 ratio for inorganic materials and a somewhat higher ratio reported for organic deposits (e.g. Rosa and Larocque 2008) . Drain conductance was calibrated to be higher in the lagg area than in the rest of the peatland in order to represent the shallower water table depths in this portion of the peatlands.
Sensitivity analysis
For each model, several simulations were performed to assess the sensitivity of the simulated hydraulic heads to variations in recharge (50-150% of the calibrated value), sand hydraulic conductivity (1-1000% of the calibrated value), peat hydraulic conductivity (25-400% of the calibrated value), as well as peat and inorganic material vertical anisotropy (0.1-1).
To quantify the sensitivity of runoff (drain) fluxes to changes in recharge, sand hydraulic conductivity (i.e. subaqueous deposits at SMB and aeolian deposits at Villeroy), peat hydraulic conductivity, peat anisotropy, and anisotropy of all the mineral deposits, a relative sensitivity coefficient S r was calculated:
where O is the value of the output (proportion of water flowing as runoff in the drains) after modification of a parameter, O cal is the value of the output in the calibrated simulation, I is the parameter value taken for the sensitivity analysis, and I cal is the parameter value in the calibrated simulation.
Additionally, tests were performed to assess the effect of an increased sand thickness below the organic deposits on hydraulic heads, and therefore on aquiferpeatland connections. The sand thickness was increased by 0.8, 1.6, and 2.4 m at SMB and by 0.9, 1.8, and 2.7 m at Villeroy, to reflect the uncertainty on the actual stratigraphy at the two sites.
The effect of the vertical variation of hydraulic conductivity of the catotelm peat layers was also assessed. Some simulations were run with a constant K throughout the catotelm layers (homogeneous profile), using different K values, while others used different, decreasing K profiles with depth for the three catotelm zones. The influence of the hydraulic conductivity distribution in the catotelm zones on the runoff fluxes is quantified using a heterogeneity index, HET:
where K i is the hydraulic conductivity of the catotelm layers, and n is the number of catotelm layers. A null value represents a homogeneous catotelm with only one K, and high values indicate drastic decreases in K with depth.
Results
Current flow conditions
SMB peatland
In order to adequately represent the measured heads, hydraulic conductivities were calibrated to 9.3 × 10 −5 m s −1 for the juxtaglacial deposits, 4.6 × 10 −6 m s within the peatland. These decreasing values from the lagg to the bog reflect decreasing lateral runoff conditions toward the interior of the peatland. Simulated hydraulic heads at the piezometers were in good agreement with average measured values ( Fig. 3(a) ). The mean absolute error (MAE) on heads was 0.08 m, and the maximum error was 0.23 m, at station no. 5. The simulated hydraulic head at the western limit of the profile is 332 m, a value similar to that estimated by Riverin (2006) , of 330 m. The general flow pattern showed that the surface aquifer feeds the peatland and flows in the subaqueous and juxtaglacial deposits below the clay (Fig. 4(a) ). Clay constrains the vertical circulation of water from the aquifer, and leads groundwater flow toward the surface between stations no. 1 and 2.
The SMB peatland water budget (Table 2 ) indicated that most of the water input to the peatland transect flows in as lateral groundwater inflow through the peatland-littoral sand connection. This reflects the geomorphic position of this slope peatland, which is strongly connected to the surface esker aquifer at the slope break. The vertical groundwater inflow to the peatland was very limited, except near the peatland edge, where clay is absent. This is similar to Recharge -Aquifer (mm year observations made in the same area by Ferlatte et al. (2015) with heads and by Larocque et al. (2016) with vegetation and total dissolved solids indicators. This flow pattern is also analogous to what is observed in esker slope peatlands in Finland (Laitinen et al. 2007) . Water percolates out of the peatland where the underlying mineral deposits become permeable, starting at station no. 6. Monthly measurements of hydraulic gradients at this station have shown vertical groundwater outflow at six out of seven sampling dates during the May-November 2011 field season (Ferlatte 2013) . Almost all of the peatland outflow occurred through the drains that represent subsurface flow perpendicular to the peatland transect, which later becomes runoff toward the peatland outlet. There is a small flow out of the peatland through the constant heads located at the right boundary.
Villeroy peatland
For the Villeroy peatland, it was necessary to include lateral and vertical heterogeneity in peat hydraulic conductivity to reproduce the measured hydraulic heads. Between stations no. 1 and 2 (i.e. in the lagg), peat hydraulic conductivities were divided into two vertical zones, and K values were calibrated to 1.2 × 10 −5 and 2.3 × 10 −7 m s −1 for the acrotelm and catotelm respectively. From stations no. 2 and 3, four peat zones were defined (one for the acrotelm and three for the catotelm), and hydraulic conductivities were calibrated to 2.3 × 10 −5 m s −1 in the acrotelm and to between 2.3 × 10 −6 and 1.2 × 10 −10 m s −1 in the catotelm.
Although they compared relatively well, calibrated hydraulic conductivities were higher in the acrotelm and lower in the catotelm than those measured by Ferlatte et al. (2015) . The calibrated values nevertheless correspond those reported in the literature. In order to capture the hydraulic head pattern observed in the underlying mineral deposits, the till K was calibrated to 6.9 × 10 −5 m s −1 , a value typical for reworked till.
The bedrock hydraulic conductivity was very low, 1.2 × 10 -8 m s −1 , and similar to regional values from Larocque et al. (2013b) . Recharge over the aeolian sand was calibrated to be 150 mm year −1 , a value somewhat lower than the regional recharge estimated by Larocque et al. (2013b) . Recharge over the peatland was 37 mm year −1 . This value was larger than the one estimated at SMB, possibly due to the deeper water table, which provides more storage in the unsaturated zone (on average 0.20 m below the surface at Villeroy; Ferlatte et al. 2015) . Drain conductance was calibrated to 2.9 × 10 −4 m 2 s −1 in the lagg portion and 4.6 × 10 −5 m 2 s −1 within the peatland, i.e. similar to the values calibrated at SMB. The calibrated model provided simulated hydraulic heads in good agreement with observed heads, with a MAE of 0.05 m and a maximum error of 0.12 m for the surface piezometer at station no. 5 (Fig. 3(b) ). From the water divide located near station no. 4, water flowed toward the shallow peat layers located between the dunes (Fig. 4  (b) ). In the lagg portion, water flowed from the peatland toward the aquifer, and reached the shallow peat layers located between the dunes before finally leaving the system through the drains, which represent lateral outflow to runoff. Left of the water divide, water flowed through the peat layers laterally toward the centre of the peatland.
The Villeroy peatland water budget showed that all the water input to the peatland reached the peat deposits through recharge, while lateral and vertical groundwater inflows to the peatland were nonexistent. Outflow from the peatland occurred principally through runoff (drains). Because of the presence of permeable deposits below the peatland, approximately one-third of the outflow moved vertically from the peat deposits, and only limited lateral outflow was simulated through the left side limit toward the sand, or through the constant head boundary. These flow directions are similar to those reported by Ferlatte et al. (2015) and by Larocque et al. (2016) . They are also in agreement with the water budget assessment performed in the Clara Bog (Ireland), where 95% of the outflow occurred via surface water (Rydin and Jeglum 2013) . 
Sensitivity of hydraulic heads and of lateral flows
The sensitivity analysis showed that hydraulic heads, and therefore lateral groundwater inflows, reacted very little when changing flow parameters in the SMB slope peatland (Fig. 5) . The presence of lateral groundwater inflow was unchanged for all tested scenarios. When subjected to a change in recharge or K of the subaqueous sand (Fig. 5(a) and (b) ), hydraulic heads at SMB were most sensitive at station no. 1, which is located in the surface aquifer. Heads were almost completely insensitive to changes in recharge or sand K at stations no. 2 to 6, indicating that these parameters are not the major drivers of head patterns in this slope peatland. All the hydraulic heads (and lateral flows) showed very limited sensitivity to peat hydraulic conductivity (Fig. 5  (c) ), including hydraulic heads at station no. 1 in the esker. Similar results were observed for the anisotropy of peat deposits (Fig. 5(e) ). Decreasing the vertical anisotropy of the mineral deposits increased hydraulic heads in the surface aquifer deposits, and thus increased lateral inflows (Fig. 5(d) ). The Villeroy peatland was more sensitive to variations in all of the tested parameters (Fig. 6) . At Villeroy, a 50% increase in recharge led to higher heads, with a maximum at station no. 4, creating a water divide within the peatland (Fig. 6(a) ). This means that when sufficient recharge is available, peatland groundwater flows toward the aquifer and toward the rest of the peatland. Decreasing recharge caused a lowering of peatland hydraulic heads and reduced peatland outflow to the surface aquifer. Variations in hydraulic conductivity of the aeolian sand deposits showed similar results within the peatland (Fig. 6(b) ). A decrease in sand hydraulic conductivity led to significantly higher heads in the deep piezometers, particularly in the lagg portion of the transect. Peatland outflow was therefore sensitive to the hydraulic properties of the adjacent surface aquifer. Villeroy head patterns were also sensitive to changes in peat hydraulic Figure 6 . Sensitivity of Villeroy heads in the surface aquifer, in the peatland piezometers (solid lines), and in the piezometers located in the underlying mineral deposits (dashed lines), to (a) recharge, (b) sand hydraulic conductivity, (c) peat hydraulic conductivity, (d) peat anisotropy, and (e) inorganic material anisotropy.
conductivity (Fig. 6(c)) , with the greatest effect on heads coinciding with peat K between 50 and 200% of the calibrated values. Hydraulic heads at station no. 1 were only slightly affected by decreased peat hydraulic conductivities, suggesting that the presence of peat has only a limited effect on the surface aquifer heads. Changes in peat anisotropy at Villeroy (Fig. 6(d) ) showed that the head pattern responds similarly to changes in peat hydraulic conductivity, whereas changes in vertical anisotropy of the underlying material layers had a very limited influence on the hydraulic heads and lateral fluxes (Fig. 6(e) ).
Sensitivity of exported fluxes from the peat surface
Consideration of the model sensitivity to runoff (drained) fluxes was useful to understand which parameters drive peatland outflow through lateral subsurface flow. The two sites had highly contrasted sensitivities for all tested parameters, with S r values significantly lower at SMB than at Villeroy (Fig. 7) . In all cases, the average S r values were less than one, meaning that a 1% change in a given parameter generated a change smaller than 1% in runoff fluxes (note that the average is calculated from absolute values of S r , which means that the increase/decrease effect is not considered). This suggests that the two models are not overly sensitive to any given parameter.
A change in recharge had the largest effect on runoff fluxes at SMB, but this effect was much smaller than at Villeroy. This can be explained by the small portion of the total water inflow (2%) represented by recharge at SMB, while recharge was the only water inflow at Villeroy. At Villeroy, changes in sand hydraulic conductivity had a relatively small impact on the runoff fluxes when sand K was high (i.e. one to two orders of magnitude higher than the calibration value). However, low sand K led to a higher proportion of runoff fluxes. At the two sites, when peat K decreased, runoff fluxes increased and vice versa. Peat K had the largest effect on the proportion of runoff fluxes at Villeroy. Anisotropy of the organic deposits had almost no effect on runoff fluxes at SMB. This parameter had a larger impact at Villeroy; however, the impact was the smallest of all tested parameters. The anisotropy of the mineral deposits had a very small effect on the proportion of runoff fluxes at the two sites.
Response of lateral flows to hydrogeological conditions
Results show that increasing the thickness of the sand layer located below the peat (littoral sand in SMB, Fig. 8(a) ; aeolian sand in Villeroy, Fig. 8(b) ) decreased hydraulic heads in the peatland at the two sites, and decreased hydraulic heads in the underlying mineral deposits at Villeroy. At SMB, this lowering of heads was perceptible in the first 100 m of the transect, where it reduced hydraulic gradients and induced smaller groundwater inflow from the aquifer. The effect was perceptible throughout the transect at Villeroy (except at station no. 5), where it reduced peatland outflows to the aquifer, while vertical gradients remained relatively unchanged. An additional experiment performed for SMB showed that replacing the clay layers with sand generated a similar model response (results not shown), suggesting that the clay contributed little to maintaining or increasing water inflow to the peatland at this site.
At SMB, the scenarios with decreasing catotelm K had no effect on the proportion of water leaving the peatland through runoff. The results were therefore not included in Figure 9 . In the Villeroy peatland, when the HET index increased, the proportion of water exported through runoff increased substantially (Fig. 9) . The runoff fluxes also increased when the mean log K decreased. Interestingly, when the catotelm K was constant (HET = 0), a decrease in hydraulic conductivity did not significantly influence the proportion of runoff fluxes via the drains, which remained low, at between 0 and 3%. Figure 7 . Average absolute relative sensitivity coefficients, S r , corresponding to the variation in the proportion of fluxes evacuated through the drains with changes in recharge, sand hydraulic conductivity, peat hydraulic conductivity, peat anisotropy, and anisotropy of all the mineral deposits, for SMB and Villeroy.
Discussion
Implications for peatland inflows and outflows
At SMB, the head pattern was highly resilient to changes in hydrogeological conditions at all stations between no. 2 and 6. In particular, the sand layer thickness and the presence of clay showed only limited effects on the hydraulic heads and on the lateral groundwater inflow to the peatland. This suggests that the geomorphic position of this peatland imposes a major control on the head patterns. The water budget of the SMB slope peatland thus depends on the esker hydrogeology. Nevertheless, results have shown that a reduction in recharge or the presence of highly permeable material in the esker aquifer could reduce lateral groundwater inflows. Although they might not significantly affect the entire peatland, such changes could modify the lagg portion of the peatland ecosystem.
At Villeroy, peatland hydraulic heads and hydraulic heads in the underlying mineral deposits varied substantially at all stations except station no. 5. This suggests that the lateral aquifer-peatland connections occur mainly within the first hundreds of metres from the peatland border (for Villeroy, between stations no. 1 and 4). This is in agreement with the work of Howie and van Meerveld (2013) , who highlighted the variety of hydrological and hydrochemical gradients in such so-called transition zones.
In contrast with the SMB slope peatland, the Villeroy peatland provided water to the surface aquifer. The peatland lateral outflow toward the surface aquifer was relatively small, but peatland hydraulic heads probably contributed to maintaining water levels in the adjacent sand. The impact was likely small locally, but could be important in an area with substantial peatland coverage. The low sensitivity coefficients of runoff (drain) fluxes to recharge in the SMB slope peatland suggest a strong dominance of horizontal flow in this type of peatland. In the Villeroy basin peatland, increased recharge was redirected toward the runoff fluxes, and thus out of the peatland. In real-world conditions, this could be linked to increased flood events at the peatland outlet. However, the runoff (drain) fluxes probably include a component of evapotranspiration drainage. In this case, the actual flux out of the transects through the drains would be lower than the values obtained with the model. It is important to underline that changes in recharge, and the resulting increase or decrease of the peat water table, can have important short-or long-term effects on peatland vegetation, which could in turn contribute to modifying the exchanged fluxes and the flow directions between a peatland and a neighbouring surface aquifer (e.g. Siegel 1988 , Glaser et al. 1997 , Laitinen et al. 2005 .
Effect of peat heterogeneity
To adequately calibrate the Villeroy model, it was necessary to introduce lateral peat K heterogeneity in the lagg portion of the transect. This suggests that this portion of the basin peatland helps to maintain the water table in the organic deposits, as well as in the aquifer. Lower hydraulic conductivities in peatland margins are reported in the literature in connection with the fact that the lagg peat is more decomposed, similar to the catotelm peat found elsewhere in the peatland (Howie and Tromp-van Meerveld 2011) . According to Baird et al. (2008) , this could contribute to maintaining wetter conditions in the central area of a bog by restricting lateral subsurface water flow. Interestingly, lateral heterogeneity in peat K was not necessary to correctly simulate the hydraulic heads of the SMB slope peatland, possibly due to the large head gradient and resulting lateral groundwater inflow between stations no. 1 and 2.
Results indicated that the lower K peat layer at the base of the Villeroy basin peatland was a key parameter controlling fluxes at the site and toward its margins, acting similarly to clay layers and isolating the organic deposits from groundwater fluxes. This suggests that the nature and level of decomposition or compaction of the deep peat layers should be taken into account when studying the connections between basin peatlands and aquifers. This also suggests that peatlands with different levels of vertical decomposition could have contrasting connections with the aquifer and runoff potential.
Surprisingly, vertical K heterogeneity had no observable effect in the SMB slope peatland, where a decreasing catotelm K did not usually reduce infiltration within the peatland, and provided no additional water to runoff fluxes (drains). These results reinforce the observation that this type of peatland is characterized by dominant horizontal flow. It is likely that the presence of the clay layer below the peatland already fully constrains surface flow export, and that no additional effect is added by increasing vertical K heterogeneity.
Limitations to the approach
The modelling choices (2D, steady state, no representation of unsaturated flow) made in this study were based on the available data and on the project objectives.
Using a 2D representation of groundwater flow on the simulated transects necessarily implied that all flow is in the direction of the transect (perpendicular to the peatland limit). This assumption is reasonable in the benchmark peatlands, and is adapted to the purpose of the study, which required simple benchmark models. However, this representation inherently simplifies the real 3D flows that occur within peatland complexes (e.g. Reeve et al. 2001) by assuming that all flow is in the same direction, regardless of the location within the peat column. This assumption probably does not have much impact for the deep peat layers, where peat hydraulic conductivity is low. The "drained" flows simulated on the two transects indicate that the top high-K peat layers can redirect flow in other directions. The 2D models were built on the assumption that these flows immediately become surface runoff. However, it remains to be demonstrated what the proportion of ET in these fluxes is, how long the "true" runoff water can migrate laterally as surface flow, and whether or not it can re-infiltrate further in the peatland.
Using a steady state model, assuming that all flow conditions are stable throughout the year, overrides water table variations that can occur during the year in the superficial aquifer and within the peatland. These variations probably induce flows of changing intensity between the aquifer and the peatland. Ferlatte et al. (2015) have shown that these variations were small enough to conclude that lateral flow reversals were not observed during the summer 2011 measurement period. These authors observed only limited reversals of vertical flow connections between the underlying mineral deposits and the peat deposits. Because of a lack of evidence of varying flow directions throughout the year, it was considered unnecessary to investigate transient state conditions in the two benchmark models. However, it is acknowledged, as reported in other studies, that head variations can be large enough to induce flow reversals (Reeve et al. 2006) , and thus necessitate a transient-state model. It is expected that flow reversals would be more frequent in basin peatlands than in slope peatlands, where groundwater flows are much less sensitive to hydrogeological conditions.
Choosing a saturated flow model, such as Modflow, was based on the hypothesis that the response of peat deposits to rainfall and evapotranspiration is instantaneous and unidirectional (no hysteresis). Although the unsaturated peat layer can be relatively thin, flows in this top portion of the peatland can play an important role in peat swelling and shrinking (e.g. Camporese et al. 2006 ). The simplified approach for two benchmark peatlands used in this study, and the absence of unsaturated peat water contents or hydraulic parameters, did not justify using a model combining unsaturated and saturated flows. However, it is acknowledged that the hydrology of the unsaturated peat can have a significant impact on plant growth and peat decomposition during short-or long-term dry periods, or in conditions where the organic deposits are artificially drained to lower the water table (e.g. Clymo 1984 , Price et al. 2003 , Waddington et al. 2015 .
Significance for other peatlands
The SMB slope peatland is considered to be representative of the Abitibi esker slope areas, and of other nordic countries where eskers and clay plains are found. The results of the sensitivity analysis, and specifically of the sand layer thickness experiment, showed that lateral groundwater inflow from the esker can be present even when the mineral deposits underlying the peat are permeable. Although the absence of clay could induce vertical outflow from the peatland to the underlying permeable deposits, this confirmed that the clay layer was not necessary for the formation or maintenance of slope peatlands. Results from this study could therefore be extended to other esker and moraine slope peatlands in the Abitibi region, where no clay is present (Ferlatte et al. 2015) , and in other regions where peatlands have developed on eskers, such as in Ireland (e.g. Pellicer and Gibson 2011), Finland (e.g. Rossi et al. 2014) or Russia (e.g. Demidov et al. 2006) . Because of this strong aquifer-peatland connection, the long-term resilience of esker slope peatlands therefore depends on the management and protection of the esker aquifer.
The geomorphic position of the Villeroy peatland is characteristic of other basin peatlands in the St Lawrence region, and is representative of some basin peatlands in glaciated geological environments (i.e. having developed in sandy depressions underlain by low permeability till or clay). The basin peatlands similar to the Villeroy site that have lateral groundwater outflow influence aquifer recharge and groundwater levels in their vicinity. Results from this study showed that, in this case, aquifer-peatland connections with a surface aquifer and their runoff potential can be highly sensitive to local hydrogeological conditions, and could vary significantly between otherwise similar sites. These connections are more susceptible to changes in land use (e.g. drainage) and climate (e.g. recharge) than those of a slope peatland. It is important to note that Ferlatte et al. (2015) have further shown that basin peatlands can also receive lateral groundwater inflow, and that a combination of inflow and outflow zones within a given basin peatland have also been observed (Avard 2013) .
Conclusion
The objective of this research was to better understand how hydrogeological conditions influence aquifer-peatland connections in slope and basin Sphagnum-dominated peatlands. Groundwater flow models were used to reproduce typical aquifer-peatland flow connections in a slope peatland and a basin peatland located in Quebec (Canada). The two models adequately simulated measured heads within the peatland and in the underlying mineral deposits, as well as observed groundwater flow directions identified in previous studies using heads, total dissolved solids, and vegetation indicators. The models served as benchmarks to assess the influence of hydrogeological setting (recharge, hydraulic conductivity, material thickness) on aquifer-peatland connections.
Sensitivity analysis of the steady-state 2D flow models showed that the slope peatland model was very robust to variations in all of the tested parameters, with constant laterally inflowing groundwater. This suggests the strong dominance of horizontal flow in this type of peatland, and a water budget highly dependent on that of the adjacent surface aquifer. Nevertheless, a reduction in recharge or the presence of highly permeable material in this aquifer could induce ecosystem changes, especially in the lagg portion of the peatland.
The simulated basin peatland was more sensitive to variations in all of the parameters. In contrast to the slope peatland, it produced groundwater outflow to the surface aquifer. Its hydraulic heads (and outflow fluxes) and its runoff potential were highly sensitive to recharge and to the material hydrogeological properties. Lateral and vertical peat heterogeneity due to peat decomposition or compaction were identified as having a significant influence on fluxes.
This study provided sets of parameters to represent two contrasting hydrogeological settings, and contributed to increasing the body of knowledge on how to simulate aquifer-peatland connections. It also showed that slope peatlands are dependent on the hydrogeological conditions of the adjacent aquifer reservoir, but are resilient to hydrological changes. Basin peatlands are more sensitive to local hydrogeological conditions, and are probably more susceptible to land use and climate changes. Results of this study point to the importance of taking the hydrogeological setting into consideration when developing and implementing peatland conservation measures.
